The spectrophotometric oxidation of horse heart ferrocytochrome c was examined by use It has been shown previously that mammalian cytochrome c is oxidized by cell-free extracts of Azotobacter vinelandii (9). A continuation of these studies has revealed that horse heart cytochrome c was oxidized by the electron transport fraction of A. vinelandii strain 0 at a rate at least 10-fold greater than that observed for the isolated, native cytochromes C4 and c5 of A. vinelandii. These rates were still low when compared to those values obtained for cytochrome c oxidation with mammalian mitochondria. Therefore, the oxidation of cytochrome c by the Azotobacter electron transport fraction was examined to define those kinetic parameters that would lead to the development of a spectrophotometric assay. This could then facilitate in the isolation and purification of that portion of the terminal oxidase enzyme complex responsible for cytochrome c oxidation. In Azotobacter spp., it has been postulated that the terminal oxidase function is carried out by cytochromes a,, a2, and 0.
methyl)aminomethane-chloride buffer. The calculated Vma,x value was 0.22 umole of cytochrome c oxidized per min per mg of protein (25 C) and a Km value for cytochrome c of 2.3 X 105 M was obtained. Ferricytochrome c was a "strict" competitive inhibitor for this oxidation. Cytochrome c oxidation by the Azotobacter electron transport system was markedly sensitive to cyanide, azide, and hydroxylamine, although carbon monoxide inhibition could not be demonstrated. It was sensitive also to high concentrations of phosphate, ethylenediaminetetraacetate, and some metal cations. "Aging" or prolonged storage of the Azotobacter R3 fraction, at 4 C for 10 days, resulted in a threefold increase in specific activity. The cytochrome c peroxidase type of reaction did not occur with the R3 electron transport fraction.
It has been shown previously that mammalian cytochrome c is oxidized by cell-free extracts of Azotobacter vinelandii (9). A continuation of these studies has revealed that horse heart cytochrome c was oxidized by the electron transport fraction of A. vinelandii strain 0 at a rate at least 10-fold greater than that observed for the isolated, native cytochromes C4 and c5 of A. vinelandii. These rates were still low when compared to those values obtained for cytochrome c oxidation with mammalian mitochondria. Therefore, the oxidation of cytochrome c by the Azotobacter electron transport fraction was examined to define those kinetic parameters that would lead to the development of a spectrophotometric assay. This could then facilitate in the isolation and purification of that portion of the terminal oxidase enzyme complex responsible for cytochrome c oxidation. In Azotobacter spp., it has been postulated that the terminal oxidase function is carried out by cytochromes a,, a2, and 0.
MATERIALS AND METHODS
Source of materials. Horse heart cytochrome c (type II), ethylenediaminetetraacetic acid (EDTA), 1 National Defense Education Act Predoctoral Fellow, Department of Microbiology, The University of Texas, Austin. adenosine triphosphate (ATP), bovine liver catalase, and Trizma base or tris(hydroxymethyl)aminomethane (Tris) were obtained from Sigma Chemical Co., St. Louis, Mo. Hydroxylamine hydrochloride and sodium azide were from Matheson Co., Inc., East Rutherford, N.J. Potassium ferricyanide and glycine were obtained from Fisher Scientific Co., Pittsburgh, Pa. Palladium (10%) on asbestos was from K & K Laboratories, Jamaica, N.Y., and potassium cyanide from J. T. Baker Chemical Co., North Phillipsburg, N.J.
Preparation of c-type cytochrome substrates. Mammalian cytochrome c was prepared routinely with deionized water (10 mg/ml) and was stored at -15 C. Chemical reduction was carried out with use of hydrogen and palladium according to Smith's method (11).
Azotobacter cytochromes C4 + c5 were prepared routinely with deionized water (10 mg/ml) and were stored at -15 C. Chemical reduction was carried out by use of hydrogen and palladium according to Smith's method (11).
Azotobacter cytochromes C4 + C5 were obtained by the procedure described by Tissieres (12), with the following modifications. Only 2 ml of a 25%o (w/v) solution of basic lead acetate was added per 100 ml of cytochrome C4 + c5 solution after the butyl alcohol extraction step. This was done to avoid excess precipitation of protein. After treatment with lead acetate, solid ammonium sulfate was used for precipitation of proteins. The Azotobacter cytochromes C4 + c5 precip-on October 22, 2017 by guest http://jb.asm.org/ Downloaded from VOL. 95, 1968 CYTOCHROME c OXIDATION BY AZOTOBACTER VINELANDII itated at both the 60 to 70 and 70 to 80% ammonium sulfate saturation levels. Reduction of cytochrome C4 + c5 for assays was carried out by use of hydrogen and palladium. Analyses of these two purified fractions revealed a sharp absorbance peak at 551 mix, which suggested that this preparation consisted predominantly of cytochrome C4 with a small amount of cytochrome c5.
Protein determinations. Protein concentrations of all cytochrome c oxidase preparations were determined by the Biuret method of Gornall et al. (6) .
Preparation of Azotobacter R3 electron transport fraction. A. vinelandii strain 0 cells were grown on a modified Burk's nitrogen-free liquid medium with 1%c sodium acetate as the sole carbon source and atmospheric nitrogen as the sole nitrogen source. The cells were harvested, standardized turbidimetrically, and exposed to intermittent sonic oscillation at 4 C. The particulate electron transport fraction (designated Azotobacter R3) was obtained by differential centrifugation, and it represents the fraction that was not sedimented at 37,000 X g for 20 min but was sedimented at 144,000 X g for 120 min (8). The R3 fraction appeared as a dark reddish brown translucent pellet, and of all of the fractions it contained the highest reduced nicotinamide adenine dinucleotide (NADH2), succinate and tetramethyl-p-phenylenediamine oxidase activities (8). The Rs fraction ( Fig. 1 ) contained high concentrations of cytochromes and flavoprotein components, and its spectral characteristics were typical for those attributed to the electron transport particle or fraction of A. vinelandii. Figure 1 shows a difference spectrum of the R3 fraction (dithionite reduced minus oxidized) showing prominent oxidoreductive changes at 629, 600, 561, 553, 531, 524, and 457 which correspond to the a and f, regions of cytochromes a2, a,, b,, C4 and c5, and flavoprotein.
Preparation of beef kidney mitochondria. Mitochondria were prepared from beef kidney cortical tissue by the procedure described by Ishikawa, Oliver, and Reed (7) . All mitochondrial preparations were extensively washed in 0.25 M sucrose and, prior to use in assays, all dilutions were made in 0.02 M phosphate buffer, pH 7.5.
Assay for cytochrome c oxidase. Assays for the Azotobacter cytochrome c oxidase were carried out at 25 C by measuring the oxidation of reduced cytochrome c at 550 my in a Cary model 14 recording spectrophotometer. The final reaction mixture of 1.0 ml contained 50 MAmoles of Tris-chloride buffer, pH 9.0, 20 to 60 m,umoles of reduced cytochrome c, the R, fraction, and deionized water. The reaction was initiated by the addition of enzyme, after temperature equilibration, and the concentration of oxidized cytochrome c was estimated at completion of the reaction. This was done by estimating optical density change at 550 mp after the addition of 0.02 ml of a saturated solution of K3Fe(CN)6 to the assay cuvette (11). Specific activity was calculated by measuring the initial rate of reaction, which represented the extrapolated value obtained for the first 20-sec interval. All specific activities are reported as micromoles of cytochrome c oxidized per min per mg (at 25 C). Chemical reduction was carried out by the addition of sodium hydrosulfite. This fraction exhibited the highest specific activity for cytochrome c oxidation, in addition to NADH2, succinate, tetramethyl-p-phenylenediamine, and p-phenylenediaminte oxidase activities (8).
chrome c was 18.5 cm-' X mm-' (10) and that for Azotobacter cytochromes cj + C5 was 23.8 cm-' X mM 1 (12).
Assay for cytochrome C4 + c6 oxidase. The enzymatic oxidation of cytochromes C4 + C5 was estimated in the identical manner described above, except that optical density changes were followed at 551 my.
Lower concentration levels of the Azotobacter cytochromes c4 + c5 were used in the assays.
RESULTS
Oxidation of cytochromes C4 + C5 and cytochrome c. Both mammalian (horse heart) cytochrome c and Azotobacter cytochromes C4 + C5 were oxidized by both the Azotobacter R3 fraction and beef kidney mitochondria (Table 1) of protein (at 25 C). Figure 3B represents a semilog plot of the data (Fig. 3A) . Figure 4 illustrates the effect of cytochrome c concentration on the reaction velocity of the Azotobacter R3 cytochrome c oxidase. Specific activity is plotted as a function of cytochrome c concentration (Fig. 4A) Figure 4B shows the LineweaverBurk analysis of the data (Fig. 4A) . A curve typical of substrate inhibition was observed (4 Effect oJ ferricytochrome c on kinetics of cytochrome c oxidation. Figure 5 shows the reaction kinetics obtained when oxidized cytochrome c was added to the assay. The lower straight line of this double reciprocal analysis represents the control substrate titration curve at ferrocytochrome c concentration levels that ranged from the same Azotobacter R3 enzyme preparation was E used in both assay series, different kinetic param-°e ters were obtained ( Fig. 4B and 5 ). The only difference between these two series of experi-E 8 ments were the days at which the assays were per-{,, formed. Differences in kinetic parameters werenoticeable for the Km values given for cytochrome E 6 c oxidation (2.3 X 10-M for Fig. 4 storing the R3 fraction for 7 days at 4 C. The aging phenomenon explained many of the discrepancies in specific activity and other kinetic parameters observed throughout this study. That is, the apparent velocities or specific activities were dependent both on the day of assay and the conditions of storage of the Azotobacter R3 fraction.
Effect ofcytochrome c oxidase inhibitors. Figure   6 illustrates the effect of potassium cyanide, sodium azide, and hydroxylamine on cytochrome ,c oxidation by the Azotobacter R3 fraction. The percentage of inhibition of cytochrome c oxidation is plotted as a function of the final molar concentration of inhibitor employed in the assay. Although the inhibitor data (Fig. 6) (9, 13, 17) . It was also observed that the oxidation of cytochrome c displays "a cparent"firitor kioin ics.
When the data of a typical time course reaction were subjected to analysis by the classical log treatment, a straight line was obtained, the slope of which expressed the first-order rate constant (Fig. 3 ). Yonetani and Ray (17) , who have derived the various rate equations which predict the time course kinetics (for mammalian cytochrome c
